Infants with persistent pulmonary hypertension of the newborn (PPHN) have elevated pulmonary vascular resistance that can lead to right ventricular (RV) failure and death. Clinicians must decide which infants will fail conventional therapy and require transfer to extra corporeal membrane oxygenation (ECMO) centres, but accurate echocardiographic predictors have not been identified. We assessed echocardiographic measurements of RV pressure and function in predicting progression to death or ECMO in infants with PPHN.
Introduction
Persistent pulmonary hypertension of the newborn (PPHN) is a potentially fatal condition in which foetal circulation fails to adapt to the extrauterine environment. Pulmonary pressures remain elevated potentially leading to a persistent right-to-left shunt, hypoxaemia, and right ventricular (RV) failure. 1 The incidence is 1.9 per 1000 live births, and the national average for mortality is 11%. 2 Patients with more severe disease may require advanced medical care including inhaled nitric oxide (iNO), high-frequency ventilation (HFV), and extracorporeal membranous oxygenation (ECMO). 3, 4 Echocardiography is a preferred tool for diagnosing and monitoring PPHN, despite a lack of reliable measures. 5, 6 Tricuspid regurgitant jet peak velocity (TRJV), interventricular septal shape, and direction of Doppler flow across an intra-atrial shunt and patent ductus arteriosus (PDA) are commonly used indices. However, many of these measures demonstrate poor correlation, accuracy, and specificity compared with catheterization. 6, 7 Furthermore, these measures are limited to pressure and/or volume assessments, while patients with severe PPHN may have decreased cardiac function secondary to persistent RV afterload or prolonged hypoxaemia. 8 The American
Society of Echocardiography recently released RV guidelines for children that include conventional measures, such as tricuspid annular plane systolic excursion (TAPSE) and fractional area change (FAC). 9 Promising non-traditional measures include left ventricular eccentricity index (LVEI), which offers a more objective measure of septal geometry changes, and RV global longitudinal peak strain (GLPS), which provides an assessment of global ventricular function. 10, 11 This study aimed to identify measurements of RV pressure and systolic function that are associated with progression to death or ECMO in patients with PPHN. We hypothesize that early echocardiographic indices of RV pressure and systolic function are associated with a composite outcome of death or ECMO.
Methods Cohort
We conducted a retrospective review of patients admitted to the Duke Intensive Care Nursery between January 2010 and October 2013. Patients were identified using a clinical database developed and maintained by the Division of Neonatal-Perinatal Medicine. Inclusion criteria included infants ≥35-week gestation at birth with a clinical diagnosis of PPHN and an 'early echocardiogram' within the first 6 days of life. In cases of multiple echocardiograms, the first study was used. Exclusion criteria included known chromosomal abnormality, congenital cardiac disease (aside from a PDA or small atrial level shunt at the fossa ovalis), or the lack of a pre-ECMO echocardiogram. This protocol was reviewed and approved by the Duke Institutional Review Board.
Echocardiographic measurements
Complete echocardiograms were obtained except in cases of cardiovascular instability. Images were acquired using the Phillips IE33 ultrasound scanner with the 8 or 12 MHz transducer and analysed using Xcelera w (Phillips Medical Systems, Koninklijke, Netherlands) after standard data compression to 30 frames per second. An experienced reader blinded to the clinical outcome performed all measurements.
TRJV was obtained from the view that afforded the best alignment with regurgitant flow using continuous wave Doppler. 10 The predominant PDA direction was visually determined using the spectral Doppler tracing and color Doppler flow. 12 RV/LV ratio was calculated from RV and LV diameters measured between endocardial surfaces in the midpapillary parasternal short-axis view during mid-systole. 13 FAC was calculated by the formula: (RV area diastole 2 RV area systole )/RV area diastole . 10 TAPSE was determined by the difference in the distance from tricuspid lateral annulus to transducer interface along a parallel line in diastole and systole from 2D apical four-chamber views. 14 Systolic : diastolic ratio was calculated with systole defined as the duration of TRJV and diastole defined as the interval between successive tricuspid regurgitation jets. 15 LVEI was measured in diastole and systole in the mid-papillary parasternal short-axis view by calculating the ratio of the diameter of the left ventricle parallel to the septum and the diameter bisecting and perpendicular to the septum. 10 LV fractional shortening (FS) was measured in
MMode in parasternal short-axis views. 16 Qualitative LV systolic function was made subjectively from multiple views.
Strain echocardiography
All studies were converted to DICOM format, imported into Tomtec Velocity Vector Imaging (VVI), and analysed with 2D Cardiac Performance Analysis w (Tomtec, Munich, Germany). Strain analysis was performed on a single four-chamber apical image. The cardiac cycle was defined by QRS onset to aortic valve closure, which was determined on spectral Doppler tracing. A single ROI was placed along the endocardial border from the tricuspid valve lateral annulus to medial annulus ( Figure 1 ). Software tracking integrity was automatically detected and visually confirmed. In cases of poor tracking, tracing was readjusted and segments with persistent inadequate tracking were excluded. GLPS was calculated as an average of peak systolic strain in six segments, including basal, mid, and apical segments on the septal and RV walls. Free wall longitudinal peak strain (FWLPS) was calculated as an average of the mid and basal lateral wall segments.
Definitions
The primary outcome was cardiovascular death or need for ECMO prior to discharge. Cardiovascular death was defined as non-viable cardiac function, despite maximal medical support resulting in death. The decision to use ECMO was made at the discretion of the clinical care team and typically involved respiratory failure on maximum ventilator settings and/or imminent cardiovascular collapse. Diagnoses associated with PPHN were subclassified as congenital diaphragmatic hernia, acute vasoconstriction (hypoxic ischaemic encephalopathy, meconium aspiration, hypoglycemia, respiratory distress syndrome, sepsis), or idiopathic pulmonary hypertension. Haemodynamics were documented from the time of echocardiogram. OI was calculated retrospectively for all mechanically ventilated patients as previously reported. 17 Length of stay among survivors was defined as number of days between first admission and discharge or transfer to lower acuity centre.
Statistics
Continuous variables are reported as median (minimum 2 maximum). Counts, proportions, and/or percentages were used to summarize categorical variables. Wilcoxon rank-sum or Fishers exact test was used to evaluate differences between patients with the primary outcome (death/ECMO) and those who survived without ECMO. Inter-observer reliability between two readers was determined on random samples of significant findings using Wilcoxon rank-sum and Cohen's kappa tests. A value of P ≤ 0.05 was considered significant. Receiver operator curves were used to determine cut points for continuous variables. Multivariate regression analysis was used to determine odds ratios for the combination of reported cut points. A Kaplan-Meier curve was created for survival or days of known contact above and below one of the cut points. A subgroup analysis was performed assessing only those subjects who had an echocardiogram within 48 h prior to a primary outcome.
Results

Demographics and outcomes
We identified 98 consecutive patients who met our inclusion criteria, and 86 (88%) were included in the study ( Figure 2 ). The primary outcome of cardiovascular death or progression to ECMO was met in 25/86 (29%) of the patients. The median length of time between echocardiogram and death/ECMO was 10 h (range 1-118 h). There were no differences in demographics between groups, but death/ ECMO patients required more cardiorespiratory support ( Table 1) . Overall, cohort survival was 87% (76/86). The median length of stay for all survivors was 31 days (7-229). Length of stay was lower in patients who survived without ECMO compared with ECMO survivors [24 days (7-229) vs. 62 days (29-129), P , 0.001].
Subgroup analysis was performed in 20/86 (23%) in whom death or progression to ECMO occurred within 48 h of the echocardiogram.
Echocardiographic measurements
Infants who died or received ECMO had diminished TAPSE and GLPS, and a predominantly right-to left (pulmonary artery to aorta) PDA shunt ( Table 2) . TRJV was the most difficult measurement to quantify, while TAPSE and LV functional measures were the most reliably obtained. The four-chamber apical view was adequate for strain analysis in 79/86 (92%) patients. The basal and mid segments tracked more consistently (basal septal 97%; mid septal 94%; basal RV free wall 94%, mid RV free wall 92%) than apical segments (apical septal 55%; apical RV free wall 71%). Overall, the percentage of adequately tracked segments was similar between death/ECMO group (83%) and the control group (84%).
Inter-observer analysis demonstrated good reliability as evidenced by non-significant differences for TAPSE (P ¼ 0.75), GLPS (P ¼ 0.68), and FWLPS (P ¼ 0.42), and kappa coefficients close to 1 for PDA (k ¼ 0.91) and LV qualitative function (k ¼ 0.87).
In the subgroup analysis, death/ECMO patients had more severe qualitative LV dysfunction ( Table 2) . Otherwise, the results were similar, with increased strength of significance to TAPSE, GLPS, and right-to-left PDA shunt.
Predictive analyses
For the overall cohort, receiver operator curves demonstrated an area under the curve of 0.91 [95% confidence interval (CI) 0.84-0.98] for OI, 0.73 (95% CI 0.61 -0.85) for TAPSE, and 0.65 (0.52-0.78) for GLPS. Based on these curves, OI .20, TAPSE ,4 mm, and GLPS greater than or equal to 29% (RV global peak strain worse than or equal to 29%) were identified as optimal thresholds ( Table 3) . Sensitivities were slightly improved in the subgroup analysis.
A Kaplan -Meier curve shows lower survival or days of known contact for infants with TAPSE ,4 mm ( Figure 3) .
In the entire cohort, 23/86 (27%) had a TAPSE ,4 mm, while 14/25 (56%) who met the primary outcome had a TAPSE ,4 mm. 18/86 (21%) had the combination of TAPSE ,4 mm and a predominantly right-to-left PDA, and 13/18 (72%) of these patients met the primary outcome. 4/6 (67%) patients with qualitative severe LV dysfunction met the primary outcome.
A multivariable logistic regression included OI .20, TAPSE ,4 mm, GLPS greater than or equal to 29%, and predominant right-to-left PDA. The odds ratio for OI [ 
Discussion
We found that infants with PPHN who died or required ECMO had elevated OI at the time of echocardiogram, diminished TAPSE and GLPS, and a predominant right-to-left PDA. OI and TAPSE remained significant in a multivariate model. Additionally, we found reasonably predictive characteristics for OI .20, TAPSE ,4 mm, and GLPS greater than or equal to 29%. Our subgroup analysis demonstrated that severe LV dysfunction became more prominent in death/ECMO patients. This analysis also demonstrated that the sensitivity and negative predictive value of these measures modestly improved when the echocardiogram occurred within 48 h of decompensation.
PPHN therapeutic options and cohort survival
iNO and HFV have proved to be efficacious in PPHN infants, although a significant minority will still fail conventional ventilation and benefit from ECMO. 3, 4, 17 Cardiorespiratory support was higher in our death/ECMO group, reflecting their worse clinical picture. Survival for infants with idiopathic PPHN treated with ECMO is reported at 81%. 18 Survival in our population was lower at 65%, likely due to our inclusion of patients at higher risk for mortality, including those with congenital diaphragmatic hernia and birth asphyxia. Their inclusion did not bias the overall cohort as there was no significant difference in diagnoses between the two groups, and overall cohort survival was similar to the national average. 2 The evidence clearly demonstrates the utility of predicting progression to ECMO to facilitate timely management decisions and ensure early transfer to tertiary care centres with access to iNO, HFV, and ECMO. inaccuracy makes TRJV of questionable value in clinical decisionmaking. A possible substitute for an estimation of pulmonary artery pressure is pulmonary regurgitation, which could be used in future studies.
A predominant right-to-left shunt via the PDA is indicative of suprasystemic pulmonary pressures and pulmonary hypertension. 23 Studies that have attempted to correlate PDA direction to outcomes in PPHN infants have found mixed results. 12, 20, 21 We found that a predominantly right-to-left direction was associated with poor outcomes. However, PDA directionality can change dynamically in response to pain/agitation, physical pressure from transducers, or ventilator changes. 20 Therefore, a bidirectional shunt with predominant left-to-right direction should not rule out severe disease. Also, the in utero function of the PDA as a pathway to lower resistance may persist after birth, diminishing the right-sided pressure/volume and somewhat ameliorating the severity of PPHN. However, this pop-off effect may not prevent RV failure since placental separation results in a dramatic increase in systemic pressures. Therefore, the RV may have to contend with the higher ex utero systemic vascular resistance while struggling with persistent in utero pulmonary resistance.
Other estimates of RV pressure, including RV/LV ratio and LVEI, have not been well studied in PPHN infants and were not different between groups. Considering the relative RV dominance of foetal life and that RV pressure can remain transiently elevated even in healthy newborns, measurements that rely on the comparative size and geometry of the ventricles may be less reliable indicators of clinical status.
Echocardiographic measures of RV function in PPHN
The evaluation of right heart function in PPHN infants is limited to one study that found FAC was not linked to outcomes. 20 RV myocardial performance index, a measure of global cardiac function, may be elevated in infants with PPHN. 24 Our echocardiography protocol was not optimized to measure this index retrospectively using tissue Doppler, but future studies should consider its inclusion. Strain is emerging as a useful tool in adult pulmonary hypertension where RV global longitudinal and free wall strain are diminished.
11 Analysis of RV strain in infants is limited to establishing norms and evaluating the post-operative period in congenital heart disease. 25, 26 In our study, GLPS, but not FWLPS, was significantly diminished in death/ECMO patients. GLPS is more robust vs. FWLPS as it accounts for septal and free wall deformation and likely minimizes regional tracking strain issues. Further study with prospectively optimized images is necessary to evaluate the value of these strain measures in this population.
The predictive characteristics of TAPSE were slightly better than GLPS. Also, TAPSE remained significant in multivariate modelling and demonstrated differences in the Kaplan-Meier curve. TAPSE is a simple and highly robust measure of RV myocardial deformation that is less influenced by imaging artifacts. 27 The theoretical benefits of GLPS over TAPSE, the inclusion of both RV free wall and septum, and the freedom from translational and tethering motions are limited to populations with regional heterogeneity. Furthermore, we did not employ strain optimization protocols, and temporal resolution was lower due to the data compression on transfer to the archives. These factors may have led to less accurate strain values that did not affect TAPSE. Combined echocardiogram measures of function and pressure in PPHN Systolic : diastolic ratio has been associated with clinical outcomes in older children with pulmonary hypertension, 15 but it has not been studied in infants with PPHN. This measure is a complex interplay of RV contractility, preload, afterload, and heart rate. Higher values could be explained by diastolic shortening from cardiac dysfunction and/or systolic lengthening due to elevated afterload. In our study, the ratio was not associated with poor outcomes. The accuracy may vary if an incomplete tricuspid regurgitant jet envelope or inadequate tissue Doppler is obtained, which occurred in 26% of our subjects. The lack of a significant difference in this population also may be reflective of the role that a right-to-left PDA shunt plays in the pathophysiology of PPHN compared with other forms of pulmonary hypertension. Another approach to a combined function/pressure analysis is to use the pressure and functional markers with the best predictive characteristics. In this study, TAPSE ,4 mm and a predominant right-to-left PDA identified 72% of the patients who progressed to ECMO and/or death. While multivariate analysis demonstrated that TAPSE was the only independently associated measure, the addition of PDA direction modestly improved the screening characteristics.
LV function and haemodynamics
We evaluated LV function due to the potential for ventricular interdependence and secondary LV dysfunction leading to poor outcomes. 20, 21 Death/ECMO patients were more likely to require pressors and have a higher OI, although the inclusion of OI in ECMO guidelines provides a strong selection bias. 17 LV qualitative function was inadequate in predicting decompensation as evidenced by no difference in the overall cohort, although this difference was significant in the subgroup analysis. The 100% specificity and positive predictive value of the combination of TAPSE ,4 mm and severe LV dysfunction suggests patients with LV dysfunction in the setting of RV dysfunction will likely need increased support, but the sensitivity was poor. Although FS is quantitative, the abnormal septal geometry in PPHN makes it less reliable than qualitative LV systolic function. An alternative is 3D ejection fraction, although high neonatal heart rates and low frame rates could lead to inaccuracies.
Limitations
This study was a retrospective, observational analysis with a limited number of primary outcomes, and was not adequately powered to find small differences. Although the subgroup analysis suggests some benefit to repeat echocardiograms, future studies would need to validate our findings in closer proximity to outcomes. While the addition of OI added useful clinical information, it also presents a selection bias as OI is a guideline for ECMO initiation. Patient agitation and/or pain may have resulted in transient increases in pulmonary pressures thereby altering echocardiographic measurements, but documenting or quantifying this effect was not feasible. Z-scores based on gestational age have been established for TAPSE. 27 Although our TAPSE cut-off was below the 95% CI of any age infant in our cohort, even when considering that 2D measurements are 1 mm less than M-mode, 14 a larger study may be powered to allow for gestational age appropriate Z-scores.
RV strain analysis was performed using a single apical view rather than the newly reported comprehensive RV analysis using three RV apical views. 28 Images were not optimized for strain analysis, which disproportionately affected apical segments. Tomtec VVI software has the limitation of analysing studies stored at the lower frame rate of 30 frames per second. Prior studies that analysed strain in infants and children using Tomtec VVI at 30 frames per second found reproducible results that were validated against higher rates. 29, 30 Although further study is required to completely validate this frame rate, the lower rate should underestimate peak strain, meaning the difference seen in GLPS in this study would by reinforced at higher frame rates.
Conclusions
This study provides evidence that OI .20, TAPSE ,4 mm, GLPS greater than or equal to 29%, and a predominantly right-to-left PDA shunt is associated with poor outcomes in infants with PPHN. However, transfer should not be delayed for patients who do not meet these thresholds but are still thought to be at high risk for poor outcome. Repeated echocardiographic assessment with concurrent OI in infants with a persistently concerning clinical picture may identify patients with initially reassuring markers who subsequently meet the cut-offs. A larger prospective trial could validate a model using a combination of RV pressure and functional markers as predictors of poor outcome to assist in the decisions to intensify cardiovascular support, transfer patients to ECMO centres, and ECMO initiation.
